Abstract Human DNAJC12 is a J domain-containing protein whose regulation, subcellular localization, and function are currently unknown. We show here that the abundance of DNAJC12 in human LNCaP prostate cancer cells is upregulated by the stress-inducing drug A23187 and by the stressregulated transcription factor AIbZIP/CREB3L4. The DNAJC12 gene encodes two isoforms, only one of which (isoform a) is expressed in these cells. Immunofluorescence studies showed that a recombinant DNAJC12 protein is diffusely distributed in the cytoplasm. To identify substrates of DNAJC12, we used an immunoaffinity-mass spectrometry approach in cells that express epitope-tagged DNAJC12. The list of potential DNAJC12-binding proteins that were identified in this screen includes several nucleotide-binding proteins. The most frequently identified partner of DNAJC12 in unstressed cells was Hsc70, a cognate Hsp70 chaperone, whereas in stressed cells, the ER chaperone BiP was frequently associated with DNAJC12. Immunoprecipitation experiments confirmed that the endogenous DNAJC12 and Hsc70 proteins interact in LNCaP cells. These results clarify the role of DNAJC12 in the regulation of Hsp70 function.
Introduction
Heat shock 70 kDa proteins (Hsp70s) are molecular chaperones that play an essential role in ensuring that cellular proteins adopt and preserve the conformation required for their optimal function. These chaperones intervene at various stages of protein synthesis and function, including protein folding, protein transport, the assembly and disassembly of protein complexes, the control of protein activity, and ultimately, protein degradation (Daugaard et al. 2007 ). Hsp70 proteins are often referred to as "heat shock proteins" by virtue of the fact that the abundance of some of these proteins is upregulated by heat. In fact, in addition to the housekeeping functions mentioned previously, an important aspect of chaperone function includes protecting cellular proteins from the deleterious effects of stresses such as heat or endoplasmic reticulum (ER) stress (discussed below). However, some Hsp70 proteins are constitutively expressed.
The human genome contains 11 genes that encode Hsp70 proteins. Each of these chaperones is composed of two domains, an amino-terminal adenine nucleotide-binding domain with ATPase activity and a carboxy-terminal domain that interacts with the exposed hydrophobic segments of improperly folded "client" proteins (Daugaard et al. 2007, Kampinga and Craig 2010) . To enable their client proteins to fold properly, Hsp70 proteins alternately bind and release the misfolded proteins. Hsp70 binding to a client protein prevents the latter from aggregating whereas dissociation from Hsp70 allows the client protein time to adopt its proper conformation. Stable binding of Hsp70 to its client proteins depends on a conformational change in Hsp70 which results from hydrolysis of ATP to ADP by the ATPase domain of Hsp70. However, because the intrinsic ATPase activity of Hsp70 proteins is low, Hsp70 proteins depend on cofactors known as DnaJ proteins to stimulate their ATPase activity and thereby stabilize their interaction with client proteins.
There are 41 genes that encode DnaJ proteins in humans; all of which contain the signature "J domain" through which DnaJ proteins interact with the ATPase domain of Hsp70 proteins to stimulate ATP hydrolysis (Kampinga and Craig 2010, Qiu et al. 2006) . DnaJ proteins are named after the founding member of this protein family, the Escherichia coli DnaJ protein, but they are also referred to as heat shock 40 kDa proteins (Hsp40). DnaJ proteins constitute a structurally and functionally diverse group of proteins. In addition to the J domain, most DnaJ proteins contain motifs that confer upon them the ability to interact with other cellular proteins with varying degrees of specificity. In addition to these structural differences, DnaJ proteins also display specificity in their subcellular localization. In fact, some DnaJ proteins are present in several cellular compartments whereas others show a more restricted distribution.
One of the lesser characterized DnaJ proteins is DNAJC12, also named J domain-containing protein 1 (Lee et al. 2000) . DNAJC12 contains a single recognizable functional motif, the J domain, and its binding partners, subcellular localization, and function are unknown (Kampinga and Craig 2010) . While the specific function of DNAJC12 is unknown, the available data indicate that its abundance is regulated by physiological stimuli. De Bessa et al. (2006) previously reported that female sex steroids (estrogens) upregulate DNAJC12 mRNA levels in estrogen-sensitive MCF7 human breast cancer cells. In addition, we recently made the interesting observation that DNAJC12 mRNA is upregulated by the transcription factor androgen-induced bZIP/CREB3L4 (AIbZIP) in human prostate cells ). This observation is particularly significant because AIbZIP localizes to the ER, and it is activated by regulated intramembrane proteolysis (RIP) in cells that are exposed to agents that induce ER stress .
AIbZIP is a member of the CREB3 family of transcription factors whose other members are CREB3, OASIS, BBF2H7, and CREBH (Asada et al. 2011 , Chan et al. 2011 . The mechanism whereby AIbZIP (like other CREB3 proteins) is activated by proteolysis is analogous to that of activating transcription factor 6 (ATF6), a transcription factor whose central role in the cellular response to ER stress is well established (Hetz 2012) . The ER stress response (also referred to as the unfolded protein response) is a complex adaptive response that is triggered by the accumulation of misfolded proteins in the ER. ATF6 activation in response to ER stress results in the production of the transcriptionally active form of ATF6 which in turn induces the expression of genes that code for chaperones, such as BiP/GRP78, and other proteins that function to restore ER homeostasis. The observation that DNAJC12 is upregulated by AIbZIP suggested that DNAJC12 might function in the ER stress response.
The objectives of the present study were twofold. The first objective was to validate that AIbZIP upregulates DNAJC12 and to determine if DNAJC12 is induced by ER stress. The second objective was to identify the binding partners of DNAJC12 with the expectation that the identification of such partners should considerably increase our understanding of the function of DNAJC12.
Materials and methods

Cell lines and reagents
LNCaP cells were obtained from the American Type Culture Collection and cultured as described ). The single-vector format of the RheoSwitch conditional expression system ) and the RheoSwitch cell line (clone 7-11) that produces the nuclear form of AIbZIP ) have been described previously. The plasmid pZX-DNAJC12 was used to generate stably transfected LNCaP cells (clone 37-3) that support RSL1-dependent conditional expression of recombinant DNAJC12 containing a Cterminal HA tag (hereafter referred to as DNAJC12HA). A pcDNA3 expression plasmid encoding BiP fused to a Cterminal FLAG epitope was used to transiently express BiP. Plasmid details are available upon request. A23187 was dissolved in DMSO and used at a final concentration of 2 μM. RSL1 was dissolved in DMSO and used at a final concentration of 500 nM.
Immunoblotting
Immunoblotting experiments were performed using standard techniques. Equal amounts of protein were separated by SDS-PAGE and transferred to nitrocellulose filters. The primary antibodies were rabbit polyclonal DNAJC12 antibody (12338-1-AP, Proteintech), mouse monoclonal Hsc70 antibody (B-6, Santa Cruz Biotechnology), and rabbit polyclonal B23 antibody (C-19, Santa Cruz Biotechnology). The DNAJC12 antibody was raised against a fusion protein containing the fulllength DNAJC12a protein. Antigen-antibody complexes were visualized using an enhanced chemiluminescence detection method.
Promoter activity assays A fragment of the DNAJC12 gene comprising 1 kb of promoter DNA and the 5′ untranslated region of exon 1 was amplified by PCR using oligonucleotides 5′-GGGACGAGG TACCCAGGAGAAATAGCACAGCCATCTGA-3′ and 5′-GGGACGAC CATGG TGATGACTTAATCAGTCCT TCTTCCTCGGA-3′ and cloned immediately upstream of the luciferase open reading frame in the Kpn I and Nco I sites (underlined in oligonucleotide sequences) of plasmid pGL3-Basic. A pcDNA3 expression plasmid encoding the aminoterminal fragment of AIbZIP (aa 1-290) was constructed by PCR. Transient transfection experiments were performed using standard procedures. LNCaP cells were plated at a density of 4×10 5 cells/well in 12-well plates. In addition to the luciferase and expression plasmids, cells were transfected with a promoter-less renilla luciferase reporter plasmid (pRLnull, Promega) to control for transfection efficiency. Promoter activity was defined as the ratio of firefly luciferase activity to Renilla luciferase activity and expressed as the mean ± SEM of triplicate wells.
Immunofluorescence
LNCaP cells that conditionally express DNAJC12HA (clone 37-3) were grown on 18 mm cover slips and exposed to RSL1 to induce production of DNAJC12HA. To detect BiP, some DNAJC12HA-expressing cells were transfected with a plasmid expressing FLAG-tagged BiP. The cells were fixed in formalin solution, washed in PBS, and then stained with DAPI. Following additional PBS washes, the cells were incubated in TRIS-buffered saline containing 0.2 % triton and then incubated in blocking buffer (2 % milk) for 1 h at room temperature prior to addition of the primary antibodies. A 1:500 dilution of rabbit polyclonal DNAJC12 antibody (12338-1-AP, Proteintech) or a 1:1000 dilution of mouse monoclonal anti-FLAG antibody (F3165, Sigma) was incubated at 4°C overnight in 2 % milk. Secondary antibodies (1:400 dilutions of either Alexa 594-conjugated goat anti-mouse or Alexa 546-conjugated goat anti-rabbit; Life Technologies) were incubated for 1 h at room temperature, after which, the slides were washed in PBS. After mounting the cover slips to slides, the cells were examined under a microscope (Nikon Eclipse 80i) at ×100 magnification and images were taken using a digital camera (Retiga QICAM FAST 1394 Color 12-bit) and Bioquant Nova Prime software. Color images were converted to black and white. Negative controls (not shown) were performed by incubating control and protein-expressing cells with primary or secondary antibodies alone.
Identification of DNAJC12HA-binding proteins by mass spectrometry
Cells that conditionally express DNAJC12HA (clone 37-3) were treated with vehicle alone, RSL1 (500 nM×24 h) or RSL1 and A23187 (2 μM×24 h). Cellular proteins were solubilized in 10 mM Tris-HCl (pH 8.0), 1 mM EDTA, 150 mM NaCl, 1 % NP-40, and protease inhibitors at 4°C for 1 h. The cell lysates were then incubated with anti-HA antibody resin (Sigma-Aldrich) overnight at 4°C, after which, the immune complexes were recovered by low speed centrifugation. The resin was washed three times with the same buffer, and bound proteins were then eluted from the resin with urea. The protein samples were subjected to short SDS-PAGE, stained with colloidal blue, excised from the gel, and sent to the proteomics platform of the Québec Genomics Center for digestion with trypsin and analysis by mass spectrometry. The mass spectrometry data were visualized using Scaffold version 4.0 (Proteome Software). Proteins that were detected in all three samples were considered contaminants, and they were not analyzed further.
Co-immunoprecipitation
Confluent LNCaP cell cultures in 10 cm dishes were lysed in 10 mM Tris-HCl (pH 8.0), 1 mM EDTA, 150 mM NaCl, and 1 % NP-40 for 1 h at 4°C. The lysates were centrifuged at 13, 000 rpm for 15 min at 4°C. The supernatants were then precleared with protein A-Sepharose for 40 min at 4°C and subsequently centrifuged. The resulting lysates were incubated with anti-DNAJC12 antibody overnight at 4°C following which protein A-Sepharose was added and incubation continued for one more hour. Protein complexes were recovered by centrifugation at 3,000 rpm for 3 min, washed three times, and resolved by SDS-PAGE. Cell lysates incubated with protein A beads alone were used as a negative control.
Results and discussion
The human DNAJC12 gene consists of five exons that yield two transcripts by alternative splicing. The longer transcript (variant 1) encodes the full-length 198 amino acid DNAJC12 protein (isoform a) whereas the shorter transcript (variant 2) encodes the 107 amino acid isoform b. Both isoforms contain identical DnaJ domains in their N-terminal portions, but the Cterminal portion of variant b is much shorter than that of variant a. We previously reported that AIbZIP upregulates DNAJC12 mRNA, but the hybridization data from that experiment did not allow us to determine if one or both variants were regulated ). We therefore conducted experiments to determine (1) which DNAJC12 isoform is expressed in LNCaP cells and (2) if the upregulation of DNAJC12 mRNA by the processed form of AIbZIP results in an appreciable increase in the abundance of the DNAJC12 protein.
For this, we used LNCaP cells (clone 7-11) that were engineered to conditionally express the transcriptionally active amino-terminal fragment of human AIbZIP ). The recombinant protein produced in these cells, which we refer to as A290, corresponds to the first 290 amino acids of AIbZIP. The cell line was created using the RheoSwitch expression system that relies on the small molecule RSL1 to activate specially engineered transcription factors which control the expression of the gene of interest ). The RSL1-dependent production of A290 in these cell lines has been characterized in great detail ). To evaluate the abundance of DNAJC12, we used an antibody that, as confirmed using transiently expressed proteins (Fig. 1b) , recognizes both DNAJC12 isoforms. The cells were incubated in the presence of RSL1 for 2 to 72 h to induce A290, and wholecell extracts were prepared at predetermined intervals. In untreated LNCaP cells, the anti-DNAJC12 antibody detected a polypeptide whose apparent molecular weight was consistent with that of the longer DNAJC12 isoform (Fig.1a) . Addition of RSL1 to the culture medium resulted in a timedependent increase in the abundance of this protein. A polypeptide corresponding to the shorter DNAJC12 isoform was not detected in control or RSL1-treated cells. This result indicates that the processed form of AIbZIP upregulates the abundance of DNAJC12 isoform a.
We then sought to determine if the upregulation of DNAJC12 by AIbZIP results from a stimulatory effect of AIbZIP on DNAJC12 promoter activity (as opposed to an effect on mRNA stability). For these experiments, we constructed a luciferase reporter gene containing approximately 1.2 kb of the human DNAJC12 gene that we cloned immediately upstream of the luciferase ATG codon. The genomic fragment includes 1 kb of 5′ regulatory DNA and the entire untranslated region of the first coding exon (exon 1). To assess the effect of AIbZIP, we transiently expressed the amino-terminal fragment of AIbZIP (A290) and the DNAJC12 reporter construct into LNCaP cells. As shown in Fig.1c , transient expression of A290 produced a robust increase in DNAJC12 promoter activity. These results confirm that the increase in DNAJC12 protein levels observed in cells that express A290 results, at least in part, from a transcriptional effect of AIbZIP on DNAJC12 gene expression.
We then conducted experiments to determine if ER stress upregulates DNAJC12 protein levels. For this experiment, we used the calcium ionophore A23187. In LNCaP cells (and in other cell types), A23187 causes ER stress, as evidenced by increased levels of the stress-induced ER chaperone BiP/GRP78, and it induces the processing of AIbZIP by RIP ). LNCaP cells were incubated with A23187 (2 μM) for 4 to 48 h, and whole-cell extracts were prepared at predetermined intervals and analyzed by immunoblotting using a commercially available anti-DNAJC12 antibody. As shown in Fig.2 , A23187 produced an appreciable increase in DNAJC12 levels that was manifest at 8 h and peaked around 16 to 24 h. As observed in A290-expressing cells, the DNAJC12 isoform that was upregulated by ER stress was isoform a. The induction of DNAJC12 by A23187 was only slightly slower than the induction of the ER chaperone BiP ).
Having established a link between ER stress and DNAJC12, we then sought to clarify the physiological role of DNAJC12 by identifying proteins that associate with DNAJC12. For this, we generated LNCaP cell lines that conditionally express Fig. 1 AIbZIP upregulates DNAJC12 in prostate cells. a LNCaP cells that conditionally express A290 were exposed to the inducing agent RSL1 for 2 to 72 h. Whole-cell extracts were incubated with antibodies against DNAJC12 and as a loading control, the nuclear protein B23. Lane 9 contains an extract of cells transfected with a plasmid that expresses HA-tagged DNAJC12 isoform a. b LNCaP cells were transiently transfected with CMV expression plasmids encoding DNAJC12a or DNAJC12b. The recombinant proteins were detected using a polyclonal antibody raised against full-length DNAJC12a. c LNCaP cells were transiently transfected with a DNAJC12 luciferase reporter gene and a plasmid expressing the N-terminal fragment of AIbZIP (A290). Luciferase activity (expressed in arbitrary units) was corrected for transfection efficiency using a cotransfected renilla luciferase construct. The results presented in panels a and b are representative of at least three independent experiments recombinant DNAJC12 isoform a. An HA epitope tag was appended to the C terminus of DNAJC12 to facilitate detection of the recombinant protein as well as to allow the purification of DNAJC12-containing protein complexes. The C-terminal tag is not expected to interfere with the localization of DNAJC12 because DNAJC12 does not contain an ER retention signal at its C terminus. Once we had obtained DNAJC12HA-expressing cells, we proceeded to determine the subcellular localization of DNAJC12 as this information should provide some indication regarding the nature of the potential targets of DNAJC12 and its physiological function. We therefore induced DNAJC12HA production (using RSL1) and detected DNAJC12HA by indirect immunofluorescence using an anti-DNAJC12 antibody and a fluorochrome-conjugated secondary antibody. DNAJC12HA was mainly distributed throughout the cytoplasm and there was slight nuclear staining (Fig.3) . For comparison, we assessed the localization of transiently expressed BiP-FLAG in DNAJC12HA-expressing cells. BiP was widely distributed throughout the cytoplasm, a distribution that is consistent with that reported previously by others (Li et al. 2013 ). These results show that the localization of DNAJC12 partially overlaps that of BiP.
Next, we performed large-scale immunopurification experiments to isolate DNAJC12-containing protein complexes. Three experimental conditions were compared in parallel: control cells that were treated with vehicle alone, cells that were treated with RSL1 alone (to induce DNAJC12HA), and cells that were treated with both RSL1 and A23187 (to induce DNAJC12HA and ER stress). Cell lysates from each culture were incubated with an anti-HA antibody resin after which the bound proteins were eluted, digested with trypsin, and the resulting peptides were identified by mass spectrometry. As expected, peptides corresponding to DNAJC12 were not identified in the control cells. In contrast, 17 unique peptides covering 67 % of the DNAJC12 protein sequence were identified in cells treated with RSL1 alone, as well as in cells treated with both RSL1 and A23187. The following discussion pertains to proteins that were identified with a high degree of certitude (≥98 % probability) in cells that expressed DNAJC12HA and that were not detected in the control sample.
In addition to DNAJC12, 44 proteins were immunopurified from cells treated with RSL1 alone (Table 1) . These proteins include chaperones of different families, enzymes (e.g., a subunit of ATP synthase), as well as proteins involved in protein biosynthesis (e.g., translation elongation factors, tRNA synthetases). Remarkably, 21 of the 44 proteins (48 %) are nucleotide-binding proteins, which suggest that DNAJC12 may have a particular affinity for nucleotidebinding proteins. In addition, 21 of the 44 proteins localize to mitochondria, which suggest that DNAJC12 may play an important role in mitochondrial processes. However, the most frequently identified protein, both in terms of unique peptides and as a percentage of the total spectra, was the cognate chaperone Hsc70 (also known as Hsp73 or , that is encoded by the HSPA8 gene, a ubiquitously and constitutively expressed essential housekeeping gene (Daugaard et al. 2007 ). Hsc70-derived spectra represented 0.29 % of all the spectra (by comparison, DNAJC12-derived peptides represented 1.03 % of all spectra), and 21 unique peptides corresponding to Hsc70 were identified. Interestingly, the second most frequently identified DNAJC12-associated protein was pyruvate carboxylase (PC), a mitochondrial enzyme responsible for the synthesis of oxaloacetate, an intermediate of the tricarboxylic acid cycle (Jitrapakdee et al. 2008) . Ten unique peptides corresponding to PC were identified, and PC-derived spectra represented 0.08 % of all the spectra. The other proteins that immunopurified with DNAJC12HA yielded one to Fig. 3 Subcellular localization of DNAJC12. LNCaP cells that conditionally express DNAJC12HA (clone 37-3) were exposed to RSL1 and the localization of DNAJC12HA was assessed by indirect immunofluorescence using an anti-DNAJC12 antibody and Alexa Fluor 546-conjugated antibody. For comparison, DNAJC12HA-expressing cells were transfected with FLAG-tagged BiP and the localization of BiP-FLAG was assessed using an anti-FLAG antibody. The color images were converted to black and white such that DNAJC12, BiP, and cell nuclei appear in white. This figure is representative of at least three independent experiments Fig. 2 ER stress upregulates DNAJC12 in prostate cells. LNCaP cells were exposed to 2 μM A23187 for 4 to 48 h. Whole-cell extracts were incubated with antibodies against DNAJC12 and as a loading control, the nuclear protein B23. Lane 7 contains an extract of cells transfected with a plasmid that expresses HA-tagged DNAJC12 isoform a. These results are representative of at least three independent experiments seven unique peptides each, and each of these proteins corresponded to 0.05 % or less of the total spectra. The majority of the 44 proteins that immunopurified with DNAJC12HA in unstressed cells was also identified in A23187-treated cells (data not shown). However, 26 proteins were identified (with ≥98 % probability) only in DNAJC12HA-expressing cells treated with A23187, but not in cells that were not exposed to A23187 (Table 2) . Among these proteins, the one that yielded the greatest number of unique peptides and spectra was the Hsp70 chaperone BiP/GRP78. This is an interesting observation in light of the fact that BiP is upregulated by ER stress and plays a central role in the ER stress response (Kozutsumi et al. 1988) . On this basis, it is tempting to speculate that BiP might rely on DNAJC12 to stimulate its ATPase activity in stressed cells. The finding that BiP is a major binding partner of DNAJC12 in A23187-treated cells is somewhat surprising considering that BiP is primarily considered an ER protein. While it is possible that the interaction between DNAJC12 and BiP might have occurred in the lysates of stressed cells rather than in whole cells, the immunofluorescence data show marked overlap between the distribution of the two proteins. In addition, there is evidence to suggest that BiP can also localize to other cellular compartments including the plasma membrane, cytoplasm, and mitochondria (Ni et al. 2011) . The other proteins that immunopurified with DNAJC12HA in A23187-treated cells yielded one to five unique peptides each, and each protein corresponded to 0.03 % or less of the total spectra. Since Hsc70 was immunopurified with DNAJC12HA in both unstressed and stressed conditions, this chaperone appeared as a potentially important physiological binding partner of DNAJC12. We therefore sought to validate the interaction between DNAJC12 and Hsc70 by performing coimmunoprecipitation experiments in LNCaP cells. The cells were exposed to vehicle or A23187 (to upregulate endogenous DNAJC12), and the endogenous DNAJC12 protein was immunoprecipitated using a commercially available antibody. The presence of endogenous DNAJC12 and Hsc70 in immunoprecipitates was assessed by immunoblotting. In agreement with our earlier observations (Fig.1a) , A23187 upregulated DNAJC12 protein levels, and accordingly, DNAJC12 was more efficiently immunoprecipitated from A23187-treated cells than from control cells (Fig.4) . In addition, Hsc70 coimmunoprecipitated with DNAJC12 in A23187-treated cells, thereby confirming that the endogenous DNAJC12 and Hsc70 proteins interact. The fact that Hsc70 was not recovered from unstressed control cells is most likely due to the low abundance of DNAJC12 in these cells.
To summarize, the observations reported here provide much new information regarding the localization, regulation, and function of DNAJC12. These experiments are especially enlightening as they identify DNAJC12 as a cofactor of the chaperone Hsc70. This finding assigns a specific function to DNAJC12 and conversely identifies a novel Hsc70 cofactor. In addition, we have identified a number of other potential DNAJC12-binding proteins. Most interestingly, many of these proteins bind nucleotides, especially ATP, and many of these proteins are enzymes. Further work will be required to validate these interactions and characterize their functional significance. Finally, we showed that ER stress upregulates DNAJC12 and provides evidence supporting a role for the ER-bound transcription factor AIbZIP in the regulation of DNAJC12 expression. More elaborate experiments will be required to clarify the regulation of DNAJC12 expression during ER stress.
